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Abstract
A group of 74 Aeromonas isolates from surface water of three ponds in Bielefeld, Germany was screened for prophage induction after UV
irradiation. The phage ΦO18P was induced from the Aeromonas media isolate O18. ΦO18P belongs to the Myoviridae phage family. The
complete nucleotide sequence of the double stranded DNA genome of bacteriophage ΦO18P consists of 33,985 bp. The genome has 5′ protruding
cohesive ends of 16 bases. On the ΦO18P genome 46 open reading frames (orfs) were identified which are organized in the modules integration
and regulation, replication, head, packaging, tail and lysis. Additionally the phage DNA includes a methylase gene. Comparison of the genome
architecture with those of other bacteriophages revealed significant similarities to the P2 phage family and especially to the prophages of
Aeromonas salmonicida and the Vibrio cholerae phage K139.
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Aeromonas media, a Gram-negative bacterium which is
ubiquitous in aquatic environments, was first described by
Allen et al. (1983). The genus Aeromonas belongs to the family
Aeromonadaceae, which is related to the family Vibrionaceae
(Colwell et al., 1986). It is a primary pathogen for cold-blooded
animals and an opportunist in human disease (Řehulka, 2002;
Maki et al., 1998). Although a few P1- and P2-like Aeromonas
phages are listed in the ICTV report, most studies of Aeromonas
phages focus on virulent phages from the T4-like type (Merino
et al., 1990a,b; Tétart et al., 2001).
By screening 74Aeromonas freshwater isolates for prophages,
using UV induction, we were able to isolate ΦO18P from the
isolate O18. Here we present the complete genome sequence of
the temperate Aeromonas phage ΦO18P. Analyses of the
morphology and sequence of ΦO18P indicate a strong relation-
ship to P2-like phages. The best known members of this phage
group are the coliphages P2 and 186 (Bertani and Six, 1988), the
Haemophilus influenzae phages HP1 and HP2 (Esposito et al.,⁎ Corresponding author. Fax: +49 5211066015.
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doi:10.1016/j.virol.2007.11.0161996; Williams et al., 2002) and the Pseudomonas aeruginosa
phage ΦCTX (Nakayama et al., 1999). P2-like viruses are
temperate, double-stranded DNA phages, with a genome length
between 31 and 36 kb, which belong to the Myoviridae phage
family.
Results and discussion
Induction of prophages from Aeromonas isolates
Within a bacterial community, isolated from the surface
water of three freshwater ponds in Bielefeld (Germany), 74
isolates were identified as members of the genus Aeromonas by
comparing protein patterns and by 16S rDNA sequence
determination. Three isolates (O18, O58 and S26) were further
analyzed by RFLP (restriction fragment length polymorphism)
analysis and found to be members of the species A. media.
All 74 Aeromonas strains were screened for prophages using
UV induction. Only two phages could be identified (ΦO18P
and ΦO81P), from the A. media strains O18 and O81. To our
knowledge, this is the first description of an A. media specific
phage. A set of 10 additional phages, isolated directly from
freshwater samples, allowed phage typing of the Aeromonas
Fig. 1. Electron micrograph of A. media bacteriophage ΦO18P. The phages
were negatively stained with uranyl acetate. Magnification 87,500; the bar
corresponds to 100 nm.
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was able to lysogenize a host strain (data not shown).
Dilutions of a stock lysate of ΦO18P with about 109 p.f.u.
were spotted on all Aeromonas isolates. Only isolate O58
propagated the phage. Isolation of lysogenic cells from the
center of plaques and reinduction of the phage revealed again
the temperate nature of ΦO18P. Southern hybridization of total
genomic DNA from all Aeromonas isolates with a probe of
ΦO18P DNA confirmed no further ΦO18P like temperate
phages (data not shown).
Morphology of bacteriophage ΦO18P
To classify the phage into a morphotype group, phage
particles were examined by electron microscopy (Fig. 1). Phage
ΦO18P showed an icosahedral head with an average diameter
of about 50 nm and a 110 nm long thick contractile tail,
separated from the head by a neck. This is the characteristic
morphology of members of the Myoviridae family, especiallyFig. 2. Schematic genome structure of ϕO18P with its assumed open reading frames
different shaded arrows are explained by the boxes at the bottom.the P2-like phages in the Caudovirales order of double-stranded
DNA bacteriophages (Ackermann, 2005, 2007). In contrast to
ΦO18P, most of the other phages isolated on Aeromonas are
characterized by moderately elongated icosahedral heads. This
morphology is typical for the T4-like phages (Tétart et al., 2001;
Ackermann and Krisch, 1997) but is also seen in a few P2-like
Aeromonas phages listed in the ICTV report (http://www.ictvdb.
rothamsted.ac.uk).
Determination of terminal DNA structures
Whole genome sequencing revealed that ΦO18P DNA is
terminally redundant. The redundancy consists of 16 bases
(5′ CTCATCCGCTCCCGCC 3′), determined by sequencing
off the ends of the phage DNA. In the course of cloning the
EcoRI fragments of ΦO18P DNA, one insert was identified
which consisted of the right and left end of the genome
combined by a single copy of the 16 bases terminal nucleotide
sequence. Pulsed field gel electrophoresis demonstrated that the
DNA is able to form concatemers (data not shown). Attempts to
clone the DNA end fragments as blunt end/sticky end fragments
failed. These results strongly indicate that the redundant ends
are 5′ protruding single-stranded cohesive (cos) ends which are
characteristic for most P2-like phages (Dodd and Egan, 1999).
Identification and organization of ΦO18P genes
The phage genome was sequenced as described in Materials
and methods. The final genome size was found to be 33,985 bp
(both cos ends included) with an average GC content of 62%.
Comparison of the nucleotide sequence with the databank
BlastN revealed a high degree of similarity (query coverage
81%, e value 0.0) with two prophages determined within the
genome of Aeromonas salmonicida (CP000644). These phages
have not been characterized, thus, it is not known if they are
inducible, biological active phages.
Fig. 2 shows the genetic map of ΦO18P starting and ending
with the cos ends in comparison with the genomes of one of the
A. salmonicida prophages (in the following named as ΦAsa2)in comparison to the most similar phages ϕAsa2 and K139. The functions of the
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K139.
Putative 46 open reading frames (orfs) were identified on
the genome of ΦO18P by ATG, GTG (three times: terL, orf24,
orf37) or TTG (two times: orf18 and orf31) start codons and a
minimal coding capacity of 45 amino acids. Deduced amino acid
sequences were compared with known sequences using Blast
Database searches. Positions, sizes and putative functions of
the proteins as well as similarities to other proteins are listed
in Supplementary Table 1. The 46 open reading frames on the
ΦO18P genome are organized according to their roles in inte-
gration, regulation, DNA replication, tail and head, packaging and
lysis. The tail gene module is interrupted by the lysis genes
encoding a holin and a muramidase. Between those, a gene
encoding for a protein with a high degree of sequence similarity to
a N6-adenine specific DNA methyltransferase was identified.
The early region
The genome starts with a putative integrase gene. The de-
duced amino acid sequence shows 84% identity to the int gene
product ofΦAsa2. AlthoughΦAsa2 is predicted to contain two
integrase genes (int and intB), ΦO18P and the vibriophage
K139 encode only a single copy (Fig. 2). Downstream of the int
gene, a sequence was identified which resembles a t-RNAleu
gene with the anticodon CAA. A sequence of 35 nucleotides
would correspond to the 3′ end of the t-RNA, the TψC loop, the
variable loop and the anticodon loop. The following sequence
which includes an IHF binding site does not allow to fold an
intact t-RNA. The same situation is found in the sequence
of prophage ΦAsa2. The IHF binding site and the truncated
t-RNAleu gene are located between the genes int and intB. At
the opposite site of the prophage sequence there is an intact
t-RNAleu gene, the single copywith a CAA anticodonwithin the
genome of A. salmonicida. Assuming that the intB gene of
A. salmonicida is not part of theΦAsa2 phage genome (the P4-
like integrase may be, for example, part of a pathogenicity
island) it could be speculated that the phagesΦAsa2 andΦO18
integrate into the t-RNAleu gene.
The deduced amino acid sequence of the orf which follows
the int gene shows some similarity to the Glo protein of K139.
Two possible functions are discussed for the Glo (G protein like
orf) protein of K139. The similarity of K139 Glo to eukaryotic G
proteins and a C-terminal consensus motif CAAX found in
many eukaryotic GTP binding proteins together with the results
of LD50 assays suggests that Glo may be a virulence determinant
of Vibrio cholerae (Reidl and Mekalanos, 1995). Further studies
report strong evidence that K139 Glo is involved in exclusion of
superinfecting phages (Nesper et al., 1999). The hypothetical
ΦO18P gene product exhibits neither similarity to G proteins
nor the CAAXmotif. It has no leader peptide like K139Glo but a
predicted transmembrane region in the N-terminal part and a
large C-terminal periplasmic domain. There are examples of
periplasmic (e.g. Sim of P1) as well as membrane bound (e.g.
SieA of P22) exclusion proteins. Thus, one may speculate that
theΦO18P protein may also function in phage exclusion but not
as a virulence factor.Genes for the regulatory functions during the lysogenic/lytic
decision, cI, cox and cII genes are found on the three phage
genomes and show the same arrangement.
The putative rep gene product contains three motifs in a
coherent arrangement that are characteristic for proteins which
initiate rolling circle replication (Ilyina and Koonin, 1992).
Structural genes and packaging
The products of the genes orf20, orf23, orf24 and orf26 likely
play a role in ΦO18P capsid formation. Significant similarities
were identified with the putative gene products of ΦAsa2 which
range from 73% to 95% identity. Thus, ORF24 and ORF26,
respectively, were identified as a major capsid protein and head
completion protein ORF23 and ORF20 as capsid scaffolding
protein and capsid portal protein (Supplementary Table 1). The
two putative terminase subunits of ΦO18P, TerS and TerL, are
separated from each other by the major capsid gene (orf24) and
the capsid scaffolding gene (orf23) as also predicted for ΦAsa2
and K139 and all other sequenced P2-like phages. The functions
asmajor head protein and scaffolding protein have been shown by
experiment for the homologs of P2 and coliphage 186 (Portelli
et al., 1998, Marvik et al., 1994).
On the basis of similarity searches the products of the genes
orf28, orf29, orf30, tmp, orf42 and orf43 are probably required
for the tail formation of phageΦO18P. While Orf28 is similar to
other tail completion proteins, the products of the genes orf42
and orf43 are probably involved in tail fiber formation and
assembly.
Lysis proteins and methylase
Like other phages of the order Caudovirales, ΦO18P
encodes a dual lysis system (Young et al., 2000). The proteins
Hol and Lys are predicted to act as a holin and a muramidase,
respectively, and are separated by a methylase gene (met, Fig. 2).
The holin protein contains three transmembrane regions (amino
acid position 15–38, 51–73 and 78–97), as has been reported for
class I holins (Young et al., 2000).
The putative methylase of ΦO18P contains an N6-adenine
specific DNA methylase motif. The location of the methyl-
transferase gene of ΦO18P between the genes hol and lys is
certainly unusual. The A. salmonicida prophages and most
phages of the P2 family do not encode for a methyltransferase.
The methylase gene of K139 is located between the lysogenic
functions and the rep gene; however the function of most phage
encoded methyltransferases is not entirely understood.
O18P in comparison to P2 family bacteriophages
According to its morphology and sequence homologies, the
Aeromonas phage ΦO18P is a member of the P2 bacteriophage
family. The closest relatives according to genome architecture,
similarity in nucleotide and putative amino acid sequences found
in the databanks are the prophages identified within the genome
of A. salmonicida. From the 46 putative ORFs of ΦO18P 37 are
similar to the ORFs ofΦAsa2 (% identity ranging from 48 to 95).
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are the putative Glo and the methyltransferase. The remaining
seven ORFs have unknown functions.
A well-characterized phage which is also very similar to
ΦO18P is the phage P2-like phage K139 of V. cholerae
(Kapfhammer et al., 2002). Both phages again have a similar
arrangement of clusters for integration and regulation, as well as
head and tail genes (Fig. 2). In summary 21 of 46 hypothetical
proteins in the ΦO18P genome share sequence similarity to
K139 proteins including the Glo Protein and the methyltrans-
ferase. A methyltransferase gene is not generally found in all
type P2 phage genomes, but if it is present it is located within
the early region of the genome like in K139 or, for example, in
F108, HP1 and HP2. The location of the met gene of ΦO18P is
very unusual because it is found between the two lysis genes for
endolysin and holin.
Comparison of the genomes of ΦO18P, ΦAsa2 and K139
revealed that there is only one main region between the rep gene
and the start of the structural genes which is variable. The ORFs
of this region show no sequence similarity to each other.
Lesser sequence similarities ofΦO18P ORFs could be found
to proteins of the H. influenzae phages HP2 and HP1 (Williams
et al., 2002; Esposito et al., 1996) and the coliphage 186
(Bertani and Six, 1988). No direct sequence similarities to P2
(Bertani and Six, 1988) or to the P. aeruginosa phage ΦCTX
could be detected (Nakayama et al., 1999).
Materials and methods
Isolation of bacterial strains and induction of prophages
A community of 400 bacterial isolates was isolated from
freshwater from the surface of three ponds in Bielefeld
(Oetkerparkteich, Schlosshofteich and Meierteich), Germany
(Beilstein et al., in press). Among them, 74 isolates were iden-
tified as members of the genus Aeromonas by comparing protein
patterns and 16S rDNA sequence determination. The isolates
O18, O58 and S26 were identified as members of the species
A. media by RFLP analysis (kindly carried out by M.J. Figueras,
Universitat Rovirai Virgili Reus, Spain). All Aeromonas strains
were screened for prophages. Putative lysogenic isolates were
spotted onto TBYagar plates and incubated for 2 h at 26 °C. Cells
were induced by UV irradiation then overlaid with cells from a
hypothetically phage-sensitive strain in logarithmic growth phase.
At least three isolates from different locations were used in 3 ml
top agar. After incubation at 26 °C for 24 h the presence of plaques
around lysogenic strains indicates induction of a prophage.
Purification of phages and phage DNA
Phages and phage DNA were purified as described pre-
viously (Beilstein and Dreiseikelmann, 2006).
Electrophoresis
PFGE of DNA samples was performed on a 0.8% agarose gel
in TBE buffer (0.089 M Trisbase, 0.089 M boric acid, 0.002 MEDTA) using a Chef DRII apparatus (Bio-Rad). The parameters
were the following: 5 V cm−1, 14 °C, initial switch 0.1 s, final
switch 10 s, time 24 h.
Electron microscopy
Eight-microliter drops of bacteriophage suspensions, at a
concentration of 109 p.f.u. ml−1, were spotted onto Formvar-
carbon coated copper grids. After 30 s the fluid was removed
and the phages were negatively stained by overlaying three
times with 8 μl 1% uranyl acetate. The phages were visualized
by a Zeiss 109 electron microscope, operating at 80 kV, at
magnifications ranging from ×52,000 to ×87,500.
Cloning, sequencing and computer analysis
To create a phage DNA library ΦO18P DNA was digested
with EcoRI and ligated (T4 DNA ligase) into a pUC21 vector
(Vieira and Messing, 1991), linearized with EcoRI. E. coli
DH5α was transformed with the ligation products and selection
was performed using selective media containing kanamycin and
IPTG/X-Gal. The three different ΦO18P EcoRI inserts from
the hybrid plasmids were sequenced by starting with the pUC
primers M13f (5´ TGTAAAACGACGGCCAGT 3´) and M13r
(5´CAGGAAACAGCTATGACC 3´) followed by primer walk-
ing. The arrangement of theEcoRIDNA fragments on the genome
was determined directly on phage DNA by primer walking.
The terminal repeats were identified by direct sequencing off
the ends of the phage DNA. Similarity searches were done
using Blast Programs (Altschul et al., 1997). Motif searches
were done with the Programs TMHMM-Server v. 2.0 for
transmembrane regions (cbs.dtu.dk/services/TMHMM/) and
Signal-P 3.0 Server for signal peptides (cbs.dtu.dk/services/
Signal P/).
Nucleotide sequence accession number
From phage ΦO18P was deposited in GenBank under
accession number NC_009542.
Acknowledgment
We thank Maria José Figueras for the further characterization
of Aeromonas strains through RFLP analysis.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.virol.2007.11.016.
References
Ackermann, H.W., 2005. Bacteriophage observations and evolution. Res.
Microbiol. 154, 245–251.
Ackermann, H.W., 2007. 5500 phages examined in the electron microscope.
Arch. Virol. 152, 227–243.
Ackermann, H.W., Krisch, H.M., 1997. A catalogue of T4-type bacteriophages.
Arch. Virol. 142, 2329–2345.
29F. Beilstein, B. Dreiseikelmann / Virology 373 (2008) 25–29Allen, D.A., Austin, B., Colwell, R.R., 1983. Aeromonas media, a new species
isolated from river water. Int. J. Syst. Bacteriol. 33, 599–604.
Altschul, S.F., Madden, A.A., Schaffer, J., Zhang, J., Zhang, Z., Miller, W.,
Lipmann, J., 1997. Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Res. 25, 3389–3402.
Beilstein, F., Dreiseikelmann, B., 2006. Bacteriophages of freshwater Brevun-
dimonas vesicularis isolates. Res. Microbiol. 157, 213–219.
Beilstein, F., Battermann, A., Dreiseikelmann, B., in press. Plasmid incidence in
the subgroups of two bacterial communities. Microbiol. Res. doi:10.1016/j.
micres.2006.06.015.
Bertani, L.E., Six, E.W., 1988. The P2-like bacteriophages and their parasite P4. In:
Calendar, R. (Ed.), The Bacteriophages, vol. 2. PlenumPress, NewYork, p. 73.
Colwell, R.R., MacDonell, M.T., De Ley, J., 1986. Proposal to recognize the
family Aeromonadaceae fam. nov. Int. J. Syst. Bacteriol 36, 473–477.
Dodd, I.B., Egan, J.B., 1999. P2, 186 and related phages (Myoviridae). In:
Granoff, Allan (Ed.), Encyclopaedia of Virology, vol. 2. Robert G. Webster,
Academic Press.
Esposito, D., Fitzmaurice, W.P., Benjamin, R.C., Goodman, S.D., Waldman, A.S.,
Scocca, J.J., 1996. The complete nucleotide sequence of bacteriophage HP1
DNA. Nucleic Acids Res. 24, 2360–2368.
Kapfhammer, D., Blass, J., Evers, S., Reidl, J., 2002. Vibrio cholerae phage
K139: complete genome sequence and comparative genomics of related
phages. J. Bacteriol. 184, 6592–6601.
Ilyina, T.V., Koonin, E.V., 1992. Conserved sequence motifs in the initiator
proteins for rolling circle DNA replication encoded by diverse replicons from
eubacteria, eucaryotes and archaebacteria. Nucleic Acids Res. 20, 3279–3285.
Maki, J.S., Patel, G.,Mitchell, R., 1998. Experimental pathogenicity ofAeromonas
spp. for the zebra mussel,Dreissena polymorpha. Curr. Microbiol. 36, 19–23.
Marvik, O.J., Sharma, P., Dokland, T., Lindqvist, B.H., 1994. Bacteriophage P2
and P4 assembly: alternative scaffolding proteins regulate capsid size.
Virology 200, 702–714.Merino, S., Camprubi, S., Tomas, J.M., 1990a. Isolation and characterization of
bacteriophage PM3 from Aeromonas hydrophila the bacterial receptor for
which is the monopolar flagellum. FEMS Microbiol. Lett. 57, 277–282.
Merino, S., Camprubi, S., Tomas, J.M., 1990b. Isolation and characterization of
bacteriophage PM2 from Aeromonas hydrophila. FEMSMicrobiol. Lett. 56,
239–244.
Nakayama, K., Kanaya, S., Ohnishi, M., Terawaki, Y., Hayashi, T., 1999. The
complete nucleotide sequence of ΦCTX, a cytotoxin-converting phage of
Pseudomonas aeroginosa: implications for phage evolution and horizontal
gene transfer via bacteriophages. Mol. Microbiol. 31, 399–419.
Nesper, J., Blaβ, J., Fountoulakis, M., Reidl, J., 1999. Characterization of the
major control region of Vibrio cholerae bacteriophage K139: Immunity,
exclusion, and integration. J. Bacteriol. 181, 2902–2913.
Portelli, R., Dodd, I.B., Xue, Q., Egan, J.B., 1998. The late-expressed region of
the temperate coliphage 186 genome. Virology 248, 117–130.
Řehulka, J., 2002. Aeromonas causes severe skin lesions in rainbow trout
(Oncorhynchus mykiss): clinical pathology, haematology and biochemistry.
Acta Vet. Brno 71, 351–360.
Reidl, J., Mekalanos, J.J., 1995. Characterization of Vibrio cholerae
bacteriophage K139 and use of a novel mini transposon to identify a
phage-encoded virulence factor. Mol. Microbiol. 18, 685–701.
Tétart, F., Desplats, C., Kutateladez, M., Monod, C., Ackermann, H.W., Krisch,
H.M., 2001. Phylogeny of the major head and tail genes of the wide-ranging
T4-type bacteriophages. J. Bacteriol. 183, 358–366.
Vieira, J., Messing, J., 1991. New pUC-derived cloning vectors with different
selectable markers and DNA replication origins. Gene 100, 189–194.
Williams, B.J., Golomb, M., Philips, T., Brownlee, J., Olson, M.V., Smith, A.L.,
2002. Bacteriophage HP2 of Haemophilus influenzae. J. Bacteriol. 184,
6893–6905.
Young, R., Wang, I.N., Roof, W.D., 2000. Phages will out: strategies of host cell
lysis. Trends in Microbiol. 8, 120–128.
